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Edited by Julian Schroeder and Ulf-Ingo Flu¨ggeAbstract Aquaporins are water channel proteins of intracellu-
lar and plasma membranes that play a crucial role in plant water
relations. The present review focuses on the most recent ﬁndings
concerning the molecular and cellular properties of plant aquapo-
rins. The mechanisms of transport selectivity and gating (i.e.
pore opening and closing) have recently been described, based
on aquaporin structures at atomic resolution. Novel dynamic as-
pects of aquaporin subcellular localisation have been uncovered.
Also, some aquaporin isoforms can transport, besides water,
physiologically important molecules such as CO2, H2O2, boron
or silicon. Thus, aquaporins are involved in many great functions
of plants, including nutrient acquisition, carbon ﬁxation, cell sig-
nalling and stress responses.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Although the biophysical bases of water transport across
biological membranes have been enounced as early as in the
1950s, this is the discovery of aquaporins in 1992 that has pop-
ularised the concept of membrane water channels [1]. During
the following 15 years, tremendous progresses have been made
in understanding the structure and function of aquaporins in
animals, plants, and microbes [1]. These proteins now provide
an undisputed molecular mechanism for water transport and
equilibration in all living cells and are now extensively de-
scribed in most textbooks.
Studies on the integrated function of aquaporins in plants
have been somehow limited by the high genetic diversity of
aquaporins in these organisms, the lack of speciﬁc inhibitors,
and methodological diﬃculties for measuring water transport.
Yet, there is now a substantial body of evidence, based on
alteration of aquaporin functions by mercury or reverse genet-
ics, showing that aquaporins signiﬁcantly contribute to water
transport in roots [2–5] and in inner tissues of transpiring
leaves [6,7]. Aquaporin-mediated water transport is also cru-
cial during leaf and petal movements [8–10], reproduction*Fax: +33 4 67 52 57 37.
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doi:10.1016/j.febslet.2007.03.021[11], cell elongation [12], and seed germination [13]. A role
for intracellular aquaporins in plant cell osmoregulation has
also been proposed [14–16].
The integrated function of aquaporins in all these processes
and more generally in plant water relations is the object of
intensive ongoing research, which will not be reviewed here.
In this mini-review, we will rather focus on the most recent
ﬁndings concerning the molecular and cellular properties of
aquaporins. We will discuss how these ﬁndings open new per-
spectives for understanding the multiple functions of aquapo-
rins in plants. In particular, the mechanisms of transport
selectivity and gating (i.e. pore opening and closing) have re-
cently been described, based on aquaporin structures at atomic
resolution. Also, compelling evidence that aquaporins can
transport physiologically important molecules besides water
have recently been presented.2. The plant aquaporin family
2.1. Four subclasses of aquaporins in plasma and intracellular
membranes
Plant aquaporins exhibit a remarkable multiplicity of iso-
forms. Genome sequencing has established the exact number
of aquaporin genes to 35 in Arabidopsis [17,18] and 33 in rice
[19]. In addition, expressed sequence tags corresponding to 36
aquaporin isoforms have been identiﬁed in maize [20]. Based
on sequence homology, plant aquaporins can be subdivided
in four subgroups which to some extent correspond to distinct
sub-cellular localisations [17,18,20] (Fig. 1). The tonoplast
intrinsic proteins (TIP) and plasma membrane intrinsic pro-
teins (PIP) correspond to aquaporins that are abundantly ex-
pressed in the vacuolar and plasma membranes, respectively.
PIPs are further subdivided into two phylogenetic subgroups,
PIP1 and PIP2. Because of their abundance, PIPs and TIPs
represent central pathways for transcellular and intracellular
water transport [14–16]. A third subgroup comprises Nodu-
lin26-like intrinsic membrane proteins (NIP), i.e. aquaporins
that are close homologues of GmNod26, an abundant aquapo-
rin in the peribacteroid membrane of symbiotic nitrogen-ﬁxing
nodules of soybean roots [16]. NIPs are present in non-legumi-
nous plants (Fig. 1), where they have been localised in plasma
and intracellular membranes [21–23]. The small basic intrinsic
proteins (SIP) deﬁne the fourth plant aquaporin subgroup and
were ﬁrst uncovered from genome sequence analysis [24]. SIPs
form a small class of 2–3 divergent aquaporin homologues
(Fig. 1) and are mostly localised in the endoplasmic reticulum
(ER) [25].blished by Elsevier B.V. All rights reserved.
Fig. 1. The Arabidopsis aquaporin family. The phylogenetic tree shows all 35 aquaporin homologues and their grouping in four subfamilies.
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The TIP, PIP, NIP and SIP subclasses have been identiﬁed
in all land plants examined from the moss (bryophyte) Physc-
omitrella patens [26] to higher plants. However, genetic events
have occurred quite recently during evolution to explain spe-
cies-speciﬁc diﬀerences within each of these four subclasses.
Because of this genomic plasticity, aquaporin orthologues
can hardly be distinguished between plant species [17,19,20].
Phylogenetic studies have also revealed original mechanisms
which, besides gene duplication, have directed the evolution
of the plant aquaporin gene family. For instance, NIPs were
acquired very early during the evolution of plants by horizon-
tal gene transfer of a bacterial homolog of AqpZ, a water
selective aquaporin [27]. Thereafter, NIPs functionally con-
verged towards the phylogenetically distinct aquaglyceropo-
rins, a clade of solute-transporting aquaporin homologues,
whose founding member is the bacterial GlpF glycerol trans-
porter [27]. The genome of P. patens encodes, in addition to
NIPs [26], an homologue of bacterial glycerol transporters
which may also have been acquired by horizontal gene trans-
fer [28].
2.3. Expression of the aquaporin family
Speciﬁc tools have recently been developed to monitor
expression of the whole aquaporin family. For instance,
hybridisation of cDNAs to arrays carrying aquaporin gene
speciﬁc tags have revealed a coordinate downregulation of
aquaporin genes in response to water and nutrient stresses
[29–31]. Quantitative RT-PCR analyses have been used to
establish the respective abundance of aquaporin transcripts
in various tissues, organs or stress conditions [19,29,32,33]. A
ﬁne mapping of cell-speciﬁc expression of aquaporin genes in
tips of maize and Arabidopsis roots has also been determined,
based on cell sorting [34] or in situ RT-PCR [32].The extremely high amino acid sequence identity between
close aquaporin homologues (up to 97%) makes very challeng-
ing the speciﬁc immunodetection of a single aquaporin iso-
form. Nevertheless, antibodies that cross-react with members
of restricted subclasses of plant aquaporins have proved useful
to characterize aquaporin expression in various cell types and
organs [13,35]. Due to their relatively high abundance in plant
membranes and despite their high hydrophobicity, aquaporins
are quite easily amenable to analysis by mass spectrometry
[36,37]. This high resolution technique can distinguish between
very close aquaporin homologues and, therefore, permits a
precise inventory of aquaporins present in well-deﬁned sub-cel-
lular membrane fractions [37–39].
2.4. A diversity of co- and post-translational modiﬁcations
Mass spectrometry and other recent developments in mem-
brane proteomics have also assisted in a thorough description
of the co- and post-translational modiﬁcation pattern of aqu-
aporins [36,37,40] (Fig. 2). These studies conﬁrmed that aqu-
aporins in the Arabidopsis plasma membrane can be
phosphorylated at multiple sites on their C-terminal tail. They
also revealed that the N-terminal tail of PIP2s can be methyl-
ated at adjacent sites (Fig. 2). In particular, Lys3 and Glu6 in
AtPIP2;1 carried a dimethylation and monomethylation,
respectively [36]. This is the ﬁrst report of a methylated mem-
brane protein in plants. Whereas methylation of Lys residues
has been extensively described in histones for instance, methyl-
ation of Glu residues is quite uncommon in eukaryotic pro-
teins.
Altogether these studies have shown that each plant aquapo-
rin can occur as a variety of modiﬁed forms which possibly re-
ﬂect the intricate mechanisms involved in the regulation of its
expression and activity. Although signiﬁcant progresses have
been made recently [19,29,30,32,33], an even more thorough
Fig. 2. Co- and post-translational modiﬁcation proﬁle of Arabidopsis PIPs. The ﬁgure shows a schematic representation of AtPIP2;1 with its six
transmembrane domains (1–6), ﬁve connecting loops (A–E) and N- and C-terminal extremities. The modiﬁcation proﬁle of Arabidopsis AtPIP2;1 was
determined by mass spectrometry, from intrinsic proteins puriﬁed from Arabidopsis root plasma membranes [36,37]. In AtPIP2;1, the initiating Met
residue is co-translationally cleaved (cross) whereas in AtPIP1;1 this residue is N-a-acetylated (Ac) [36,37]. Dimethylation (Met Met) of Lys3,
monomethylation (Met) of Glu6, and phosphorylation (P) of Ser280 and Ser283 have been established experimentally [36,37]. By contrast, the
phosphorylation of loop B at Ser119 is hypothetical and was inferred from studies on spinach SoPIP2;1 [46,78]. Because each of the indicated
methylation and phosphorylation sites can be found in its unmodiﬁed or modiﬁed form, a great variety of modiﬁed forms can be anticipated for
AtPIP2;1.
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and organs is still needed and will lead to a better understand-
ing of aquaporin functions in speciﬁc subcellular compart-
ments or cell types.3. An ever wider range of transport speciﬁcities
3.1. Progresses in aquaporin structure
Early structure–function analyses and more recently the
description of several aquaporin structures at atomic resolu-
tion have shown that aquaporins exhibit a conserved fold
and membrane topology [41,42]. Aquaporins assemble as tet-
ramers, each of the monomers delineating an individual pore.
This arrangement has been visualized in plants ﬁrst by cryo-
electron microscopy of 2-dimensional (2D) crystals of beanFig. 3. Molecular structure of spinach SoPIP2;1. (A) Structure of the open co
tetrameric arrangement of aquaporins. Each subunit delimits a pore and por
Structure of the closed conformation of SoPIP2;1 (PDB code 1Z98) [46]. The
a Cd2+ ion on the N-terminal tail (red) is shown. In the closed state, the lo
hydrophobic gate and interrupts the continuity of water molecules (blue) ina-TIP (PvTIP3;1) [43] and spinach SoPIP2;1 [44,45] and more
recently by X-ray crystallography on 3D crystals of SoPIP2;1
[46] (Fig. 3A).
Aquaporin monomers exhibit six membrane-spanning a-
helices tilted along the plane of the membrane and interrupted
by ﬁve connecting loops (loops A–E) [41,46] (Figs. 2 and 3B).
The N- and C-termini and loops B and D are always bathing in
the cytosol. By contrast, loops A, C and E face the apoplasm
in plasma membrane aquaporins, whereas, in intracellular
aquaporins, they face the vacuolar space or the lumen of the
secretory system.
Aquaporins exhibit a ‘‘hourglass’’ fold, due to an internal
symmetry of the molecule and two typical half helices formed
by loops B and D which dip from either side of the membrane
to form a 7th transmembrane domain. The two loops bring to-
gether two highly conserved asparagine-proline-alanine (NPA)nformation of SoPIP2;1 (PDB code 2B5F) [46] showing the conserved
e entrance is shown on the space ﬁlling model of one subunit (red). (B)
ribbon diagram shows the helix packing of a monomer. The binding of
op D is anchored to this tail. The Leu 197 residue (arrow) acts as a
the pore.
2230 C. Maurel / FEBS Letters 581 (2007) 2227–2236motifs in the centre of the membrane and, in conjunction with
other transmembrane domains, contribute to formation of the
pore [41].
3.2. Molecular mechanisms of water and solute transport
Aquaporins were ﬁrst identiﬁed as water channel proteins
and exhibit in these respects a remarkable transport eﬃciency.
For instance, up to 109 water molecules/s can be driven
through a single aquaporin pore by a 1 MPa pressure gradient
[41]. Aquaporins also have a strict ionic selectivity, and are in
particular totally impermeable to protons. This is a crucial
property in view of the important proton gradients that are
present across plant membranes. Some aquaporins can also
be permeated by small neutral solutes or gas and the physio-
logical signiﬁcance of these properties in plants will be dis-
cussed further.
The description at atomic resolution of how water and sol-
utes are transported in aquaporins has been derived from land-
mark structural studies on the microbial and animal
prototypes, GlpF and AQP1 [47–49]. Size exclusion was ini-
tially assumed as one of major determinants of aquaporin
selectivity and accordingly, two pore constrictions have been
identiﬁed as important selectivity ﬁlters. One such constriction
is formed by the NPA region. Molecular dynamics simulations
have shown that water molecules form a single ﬁle in the aque-
ous pore and are reoriented upon interaction with the Asn res-
idues of the NPA region [50]. This mechanism and a strong
electrostatic ﬁeld provide bases for blockade of proton conduc-
tion [51]. A second constriction, called Ar/R, is located on the
extra-cytoplasmic mouth of the pore. It is formed by four res-
idues including Aromatic residues and an Arg (R) residue,
hence its name. This arrangement functions as a selectivity ﬁl-
ter, due to steric eﬀects and the R residue acts as a site for elec-
trostatic repulsion of protons [41]. The structures also showed
that the solute transport speciﬁcity is determined by spatially
deﬁned networks of H-bonds and hydrophobic interactions be-
tween the solute and the residues facing the pore. In particular,
the stereospeciﬁcity of the bacterial aquaglyceroporin GfpF
with respect to aliphatic polyols was explained in detail [47].
Homology modelling of all plant aquaporins based on avail-
able structures was recently performed by Wallace and Rob-
erts [52]. The 35 aquaporins of Arabidopsis exhibited a
conserved overall fold but could be classiﬁed in eight sub-
groups depending on their pore conﬁguration at the Ar/R con-
striction. Whereas all PIPs exhibited a highly conserved and
narrow pore typical of high activity water-selective aquapo-
rins, a much higher diversity of pore conﬁgurations was uncov-
ered in TIPs and NIPs. In line with their diverging sequences in
the aquaporin family, SIPs exhibited a rather uncommon pore
conﬁguration. At present, SoPIP2;1 is the only plant aquapo-
rin for which an atomic structure is available [46]. While the
homology modelling approach gives a ﬁrst hint at the variety
of transport properties expected in plant aquaporins, func-
tional assays have proved essential to establish the selectivity
proﬁle of some of these aquaporins.
3.3. A broad range of transport selectivity
Plant aquaporins have been functionally characterized after
expression in Xenopus oocytes [23,53,54] or yeast [55–57] or
after reconstitution in proteoliposomes [58,59]. Growth com-
plementation assays in yeast can give a ﬁrst hint at aquaporintransport selectivity which, however, has to be conﬁrmed by
direct transport measurements in puriﬁed membranes or intact
cells [55–57]. Aquaporins can also be studied after over-expres-
sion in plant cells [36,60]. Plant expression systems are attrac-
tive as they should provide all putative cofactors and
post-translational modiﬁcations required for activity. Yet,
their development has been restricted by a generally high
expression level of endogenous aquaporins and therefore a
high water permeability background.
A high water channel activity or at least a residual water per-
meability has been revealed with members of all four sub-clas-
ses of plant aquaporins [23,25,54,58,61]. Therefore, the generic
name of aquaporins appears to be justiﬁed for all plant homo-
logues. Nevertheless, it has become increasingly clear that
some of these proteins do not exhibit a strict speciﬁcity for
water and can transport a wide range of small neutral mole-
cules. Test solutes such as formamide, glycerol or urea were
used in initial studies [25,54,58,61,62]. These studies showed
that certain PIP, TIP or NIP homologues can show mixed
selectivity proﬁles, similar to those described for aquaglycero-
porins in other organisms. However, the idea that the primary
function of some of these homologues may not be restricted to
water transport and may truly involve solute transport has
found strong support only recently, with the identiﬁcation of
substrates of a real physiological signiﬁcance for the plant.
In particular, the ability of plant aquaporins to transport gas
such as NH3 and CO2 has pointed to important roles for aqu-
aporins in nitrogen and carbon ﬁxation, as will be discussed
below [56,57,63,64]. The molecular mechanisms of gas trans-
port by aquaporins are not fully elucidated yet. In particular,
permeation of NHþ4 =NH3 may involve free diﬀusion of NH3
or protonation of NH3 in the pore [64]. Hydrogen peroxide
(H2O2) is a close chemical analogue of water and as conse-
quence can eﬃciently be transported by mercury-sensitive
channels in the Chara corollina plasma membrane [65]. Re-
cently, Bienert et al. [55] have used a survival assay in yeast
to investigate the capacity of aquaporins of the TIP, NIP
and SIP subfamilies to transport H2O2. A high transport
capacity was determined for AtTIP1;1 and AtTIP1;2. The abil-
ity of plasma membrane and intracellular aquaporins to trans-
port H2O2 points to important roles in stress signalling and
responses. Boron is an essential nutrient for plants, which in
its boric acid form is also structurally related to water. A resid-
ual boron transport activity had been tentatively assigned to
PIPs, based on stopped-ﬂow assays in puriﬁed plasma mem-
brane vesicles and oocyte expression analyses [66]. However,
compelling evidence of boron transport by a plant aquaporin
has only be presented recently, in the case of AtNIP5;1 [23].
3.4. Nutrient transport by NIPs
NIPs have recently emerged as an interesting aquaporin sub-
class in terms of transport speciﬁcity. NIPs can be subdivided
in two subgroups, based on the predicted structure of their
selectivity ﬁlter [52].
Members of the ﬁrst (NIP I) subgroup, with 6 members in
Arabidopsis, are very comparable to the GmNod26 archetype
and are permeable to both water and glycerol [16]. Solute
transport by GmNod26 may be related to a role in osmoregu-
lation of the peribacteroid space. Several groups have also con-
sidered the possibility that GmNod26 contributes to NH3
transport and therefore mediates the import into the plant cell
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ent within the symbiosome space should however restrict the
eﬃciency of such process. A physical interaction of GmNod26
with cytoplasmic glutamine synthase was observed in vitro
[16]. Such interaction may mediate metabolite channelling
and therefore eﬃcient solute trapping in the plant cytosol (dis-
cussed in [16]).
Members of the NIP II subgroup have a predicted pore of
higher size than members of the NIP I subgroup and, as a con-
sequence, are permeable to larger solutes such as urea. This
new property is linked to reduced water permeability for un-
known reasons [16]. Very recently, functional expression in
oocytes together with genetic evidence have pointed to very
original functions for members of the NIP II subclass. At-
NIP5;1 was initially identiﬁed as transcriptionally induced
upon boron deﬁciency [23]. Tissue-speciﬁc expression and the
phenotype of knock-out mutants strongly support a role for
AtNIP5;1 in the primary uptake of boron by roots [23]. A
maize NIP called Lsi1, whose closest homologue in Arabidop-
sis is AtNIP7;1, was identiﬁed from a silicon-deﬁcient mutant
and further shown to mediate silicon transport throughout
the plant [21]. The deﬁciency of mutant Lsi1 to transport sili-
con was explained by a single-residue mutation which accord-
ing to molecular modelling results in protein conformational
change and pore occlusion. Silicon uptake and metabolism
seem to be crucial for plants, at least for their responses to bio-
tic and abiotic stresses [21,68]. Studies on Arabidopsis At-
NIP5;1 and maize Lsi1 oﬀer striking examples of the large
array of functions that can be expected from plant aquaporins.
3.5. CO2 transport
Carbon assimilation is a central process in plant physiology
and, as a result, is tightly linked to plant water relations. The
proposal that aquaporins contribute to CO2 diﬀusion in inner
leaf tissues has represented one of most provocative ideas in
the ﬁeld [63,69–71]. Although direct measurements with plant
aquaporins might have to be reﬁned, the fact that aquaporins
can have a residual CO2 transport activity has been established
unambiguously in animals [72]. The critical issue, however, is
to evaluate the signiﬁcance of this activity in planta. Terashima
and Ono [71] used mercury inhibition as a tool to probe for
aquaporin function in Vicia faba and Phaseolus vulgaris leaves.
They found that the dependency of photosynthesis to intercel-
lular but not chloroplastic CO2 was altered by the inhibitor.
This was interpreted to mean that, by contrast to CO2 ﬁxation,
CO2 diﬀusion into the chloroplast, i.e. mesophyll conductance
to CO2 (gm) was altered by mercury and therefore may involve
the contribution of proteins and possibly aquaporins. Trans-
genic tobacco plants that showed antisense inhibition or an
antibiotic-inducible overexpression of NtAQP1, a tobacco
PIP1 homologue, have provided an elegant genetic system to
explore this issue further [63]. A thorough characterization
of these materials with respect to CO2-dependent photosynthe-
sis has recently been reported by Flexas et al. [70]. Most impor-
tantly, gm was determined by two independent methods, i.e.
gas exchange coupled to chlorophyll ﬂuorescence measure-
ments and carbon isotope discrimination. The two methods
indicated that gm was positively correlated to NtAQP1 expres-
sion level. The diﬃculty, however, is that two other central
physiological parameters, i.e. stomatal conductance and net
photosynthetic capacity were similarly linked to NtAQP1expression. Although the basis for this phenomenon is un-
known, co-regulation of stomatal conductance and net photo-
synthetic capacity with gm has been commonly observed [70].
In view of the CO2 transport activity of NtAQP1 in oocytes,
an alteration of gm has been interpreted as the primary eﬀect
of NtAQP1 [63,70]. Yet, the possibility remains that altered
leaf water relations due to inhibition of water transport by
NtAQP1 primarily lead to a change in stomatal conductance.4. Aquaporin gating: molecular mechanisms and links to
regulation by environmental stimuli
4.1. Phosphorylation
In vivo labelling experiments, mass spectrometry analyses,
and immunodetection using antibodies speciﬁc for phosphory-
lated aquaporin peptides have shown that aquaporins of the
PIP, TIP and NIP subfamilies can be phosphorylated in the
plant [37,73–77]. In particular, the C-terminal tail of some
PIP2 aquaporins can carry multiple phosphorylations and
phosphorylation at a speciﬁc site was necessary for phosphor-
ylation of another adjacent site [77] (Fig. 2). A perfectly con-
served phosphorylation site also exists in the loop B of all
plant PIPs [46,78]. A preliminary characterization of protein
kinases and phosphatases that act on the diﬀerent PIP phos-
phorylation sites has been reported recently [79,80].
A role for phosphorylation in gating the pore of three dis-
tinct aquaporins (PvTIP3;1, GmNod26, SoPIP2;1) has been
proposed, based on similar functional analyses in Xenopus
oocytes [53,76,78]. In particular, pharmacological alteration
of oocyte protein phosphatase and/or kinase activities was able
to modulate the water transport activity of these aquaporins
and punctual mutations of the putative phosphorylation sites
prevented these eﬀects. These studies have established that
the loop B and the N- and C-terminal tails of aquaporins
can be important domains for water channel regulation.
4.2. Molecular mechanisms of gating
Water transport assays in puriﬁed plasma membrane vesicles
have indicated that protons and divalent cations can act from
the cytosolic face to regulate the water channel activity of PIPs
[81,82]. These properties, the regulation of PIPs by multiple
phosphorylations, and the delivery of SoPIP2;1 atomic struc-
ture have deﬁnitely established PIPs as a remarkable model
for investigating the gating mechanisms of aquaporins and
more generally membrane channels [46].
Initial structure–function analyses have indicated that a per-
fectly conserved His residue in the loop D of PIPs plays a cen-
tral role in pH sensing and possibly gating [83]. The atomic
structure of SoPIP2;1 further indicated that, in the closed
state, a conserved Leu residue which lies close to the His resi-
due (His193 in SoPIP2;1) acts as a hydrophobic gate and oc-
cludes the water pore at its cytoplasmic entrance [46]
(Fig. 3B). An extension of helix 5 due to a half-turn and a con-
comitant conformational change of loop D can displace the
Leu residue and lead to water channel opening.
The aquaporin can be maintained in its closed conformation
by a network of ionic and H-bond interactions which anchors
loop D to the N-terminal tail of the protein (Fig. 3B). Two
acidic residues (Asp28 and Glu31 in SoPIP2;1) and a phospho-
rylatable Ser residue (Ser115 in SoPIP2;1) are involved in this
2232 C. Maurel / FEBS Letters 581 (2007) 2227–2236network. Consistent with the inhibition properties of PIPs by
calcium, Asp28 and Glu31 act as a binding site for a divalent
cation (Cd2+ in the structure) and the ion stabilises the closed
structure (Fig. 3B). Similarly, protonation of loop D at His 193
allows a tight interaction with Asp28 and locks the aquaporin
in the closed state.
By contrast, phosphorylation of Ser115 in loop B releases
loop D and permits channel opening. Interestingly, phosphor-
ylation of the aquaporin C-terminal tail (at Ser274 in So-
PIP2;1) may act in trans to trigger aquaporin opening [46].
More speciﬁcally, phosphorylation of Ser274 in SoPIP2;1
may disrupt the hydrogen bonding of this residue with residues
in the loop D of an adjacent monomer and this release may
assist the conformational change of Helix 5 and loop D
described above.
A challenge for future research will be to validate the regu-
latory domains and the molecular mechanisms indicated by the
SoPIP2;1 structure. In particular, it will be necessary to deci-
pher the complex interactions that exist between stimuli acting
on the same gating mechanism and establish a possible domi-
nance of certain domains or mechanisms on others. The con-
vergence of regulatory mechanisms may parallel the apparent
redundancy and crosstalks in cell signalling cascades, whereby
changes in cytosolic pH and free calcium concentration inter-
act with phosphorylation cascades to mediate the response of
plant cells to multiple hormonal and environmental stimuli.
By contrast to knowledge gained with plant PIPs, the mech-
anisms which direct a possible gating of other plant aquapo-
rins are unknown. Data obtained in other organisms point
to a variety of molecular processes [42]. While gating of mam-
malian AQP0 may involve conformational changes of loop A,
it was proposed that, in bacterial AqpZ, a ﬂip between two
conformations of Arg189 in the Ar/R ﬁlter directs a change
in pore opening.
4.3. Physiological regulations of aquaporin gating
The regulation of PIPs by pH seems to be particularly rele-
vant during the response of plant roots to anoxia. Tournaire-
Roux et al. [83] showed that the inhibition of water transport
in Arabidopsis roots under anoxic stress was accompanied by a
sustained cell acidosis. In addition, an acid load treatment,
which primarily induced cell acidosis, resulted in a reduced
water permeability (aquaporin activity) of the root. Therefore,
the conserved mechanism for inhibition of PIPs by intracellu-
lar protons leads to their coordinated downregulation and can
explain a massive inhibition of water transport throughout the
root. It remains to be determined whether aquaporin regula-
tion by pH occurs in other organs or under other stress condi-
tions.
Because it is preferentially mediated by calcium-dependent
protein kinases [74,77,80], aquaporin phosphorylation points
to connections between cell signalling cascades and regulation
of water transport. A link between aquaporin phosphorylation
and plant responses to water and temperature stresses has been
established in several plant species. For instance, phosphoryla-
tion of SoPIP2;1 in spinach leaves was increased at high turgor
whereas, in soybean root nodules, phosphorylation of
GmNod26 C-terminus was enhanced in response to salt and
drought [76,77,79]. In addition, phosphorylation of PIPs was
reduced by low temperatures in tulip petals but enhanced in
maize roots [8,73]. A thorough characterization of aquaporinmodiﬁcation proﬁles throughout plant development and dur-
ing stress, using dedicated proteomic approaches [84], will
surely unravel novel contexts of aquaporin regulation.
The physiological signiﬁcance of the inhibition of plant aqu-
aporins by calcium as seen in isolated vesicles remains to be
determined. Whereas water transport in the Arabidopsis plas-
ma membrane exhibited a low sensitivity to calcium inhibition
(with half eﬀects at 50–100 lM), an additional higher sensi-
tivity component was revealed in Beta vulgaris roots with
eﬀects in the 10 nM range [81,82]. Free cytosolic calcium
concentrations can typically vary around these concentrations.
Because many of environmental stresses known to inhibit root
water transport, for instance water and temperature stresses,
trigger calcium signalling cascades [85], it will be interesting
to evaluate whether this inhibition response can be mediated
in part through a direct inhibition of aquaporins by free cyto-
solic calcium. Also, the ameliorative eﬀects of calcium with re-
spect to inhibition of water transport during salt stress may
provide an interesting physiological context whereby the com-
plex regulation of aquaporins by calcium can be explored [86].5. Dynamics of aquaporin subcellular localisation
5.1. Aquaporins in intracellular membranes
Plant cells exhibit a typically high degree of compartmental-
ization. The various vacuolar sub-types that can co-exist in the
same cell harbour speciﬁc sets of TIP isoforms [87]. Therefore,
the diversity of these isoforms may reﬂect the need for the cell
of a complex diﬀerentiation pattern of vacuolar membranes.
More recently, a preferential accumulation of SIPs and At-
NIP2;1 within the ER has been reported [22,25]. Although it
cannot be excluded that the minor fraction of aquaporins that
reach the plasma membrane represents the functionally active
pool, the accumulation of aquaporins in the secretory pathway
raises intriguing questions. Due to its tortuous structure and
high surface-to-volume ratio, the ER must have a high rate
of osmotic volume equilibration and therefore may not require
channel-mediated water transport. Aquaporins in the plant ER
may however fulﬁl other functions. Mammalian AQP6, for in-
stance, which is localized in secretory vesicles, shows an acid-
induced anion conductance, and thereby provides an electrical
short-circuit for optimal lumen acidiﬁcation after electrogenic
proton pump activation [88]. Although their function remains
elusive, aquaporins have been localized in animal mitochon-
dria [89]. There is no such report in plants.
5.2. A role for heterotetramer assembly in aquaporin traﬃcking
In plants as in animals, the dynamics of aquaporin biogene-
sis and subcellular localisation represents a key aspect of their
function and regulation. The failure of several laboratories to
functionally express PIP1 homologues in Xenopus oocytes was
explained in part by the inability of these isoforms to traﬃc to
the plasma membrane. Fetter et al. [90] showed that this pro-
cess can be ameliorated by co-expression of PIP1s with PIP2s,
the latter being eﬃciently targeted to the oocyte surface. They
proposed that the two classes of aquaporins can form hetero-
mers (reviewed in detail by Chaumont et al. [91]). Physical
interaction within heteromers of distinct plant isoforms has
been demonstrated by chemical cross-linking for two TIP iso-
forms of lentil seeds [92] and by aﬃnity chromatography for
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tution within loop E conferred on ZmPIP1;1 properties for
interaction with ZmPIP2;5 similar to those of wild-type
ZmPIP1;2. Speculations based on atomic models on how this
domain directs speciﬁc interactions between distinct isoforms
have been presented elsewhere [91].
The functional interaction between PIP1s and PIP2s was re-
cently extended by Temmei et al. [93] to aquaporins ofMimosa
pudica. These authors showed, in addition, a role for loop B
phosphorylation in the regulation of PIP1s. Phosphorylation
of the PIP1 isoform was not required for physical interaction
with PIP2s. However, the positive eﬀects of PIP1 phosphoryla-
tion on water transport could only be observed upon co-
expression with PIP2 isoforms. Therefore, it remains unclear
whether phosphorylation of PIP1s gates the water pore in an
autonomous manner (as might be suggested by recent struc-
tural data) or is necessary for trans-activation by PIP2, (as
was proposed by Temmei et al. [93]).
Because the approaches above were developed in Xenopus
oocytes, it is critically needed to extent the model of PIP1/
PIP2 interactions to plant cells. This model is already sup-
ported by phenotypic analyses of transgenic Arabidopsis
expressing PIP1 or PIP2 antisense transgenes [4]. These analy-
ses showed that the genetic crossing of the two kinds of trans-
genic lines did not lead to a cumulative inhibition of water
transport in roots or isolated protoplasts. This was interpreted
as evidence that PIP1 and PIP2 aquaporins contribute to com-
mon water channel units in the plant plasma membrane [4].
5.3. Stimulus-induced aquaporin traﬃcking
Stimulus-induced traﬃcking of aquaporins represents a cen-
tral mechanism for regulation of aquaporins in animals [94].
Vera-Estrella et al. [95] were the ﬁrst to identify similar pro-
cesses in plants. They showed that, in Mesembryanthemum
crystallinum cells submitted to a hyperosmotic stress,
McTIP1;2 was relocalised from tonoplast fractions to higher-
density fractions tentatively assigned as an endosomal com-
partment. This process was blocked by inhibitors of membrane
traﬃcking and was linked to aquaporin glycosylation [95]. A
localization of AtTIP1;1 in vacuolar substructures called bulbs
can be seen in Arabidopsis cotyledons [96]. In roots, this local-
isation pattern can be induced in <1 h by exposure to salt [30].
On the longer term, a relocalisation of PIPs into intracellular
structures was also observed. These observations illustrate
how plant cells can relocalise aquaporins in compartments
specialised in storage and/or degradation.
More recently, a polar localisation of NIPs and PIPs at the
exofacial side of root cells has been described [21,32]. Also,
aquaporins have been shown to copurify in a detergent-insol-
uble membrane fraction, i.e. lipid rafts [97]. Understanding
the mechanisms that determine protein localisation in mem-
brane domains, and how this is regulated by stimuli, opens
new perspectives to understand the complexity of aquaporin
regulation in plant cells.6. Conclusions
Recent research on aquaporins has conﬁrmed their crucial
role in plant water relations. The present review showed
how, besides physiological studies, enhanced molecular andcellular knowledge of aquaporins has revealed novel properties
in terms of transport speciﬁcity and regulation. A challenge in
coming years will be to integrate this knowledge within the
plant.
For instance, a complex combination of regulatory mecha-
nisms seem to operate during turgor regulation and more gen-
erally during water stress. In Arabidopsis roots, the eﬀects of
salt on aquaporin stability, subcellular localisation, and tran-
script abundance can explain the inhibition of water transport,
mostly on the long-term (>2 h) [30]. Shorter time responses
may involve aquaporin gating by altered phosphorylation or
binding of free cytosolic calcium. Other mechanisms, which
have been uncovered in other systems, may add to these. For
instance, the observation that water channels of Chara coral-
lina internodes can be gated by high external solute concentra-
tion through a tension–cohesion mechanism needs to be
extended to higher plant cells [98]. Also, measurements in iso-
lated maize protoplasts have revealed that the water perme-
ability of the plant plasma membrane can be dynamically
adjusted during osmotic cell volume changes, by an as yet un-
known mechanism [99]. Finally, a putative role of novel post-
translational modiﬁcations such as methylation during stress
responses will have to be investigated. Methylation of At-
PIP2;1 does not alter its intrinsic water transport activity [36]
but a possible role of methylation in aquaporin targeting is un-
der investigation.
The identiﬁcation of new transported substrates for plant
aquaporins also raises puzzling questions. Whereas the role
of NIP aquaporins in boron or silicon transport has been well
established [21,23], the signiﬁcance of H2O2 transport by intra-
cellular aquaporins, such as AtTIP1;1 [55] remains unclear.
Leshem et al. [100] have recently shown that salt stress induces
a delivery of reactive oxygen species to the vacuole through
endosomal vesicle fusion. Can the salt-induced relocalization
of AtTIP1;1 in vacuolar bulbs [30] be related to this process?
And more generally, in which subcellular compartment does
H2O2 transport by AtTIP1;1 operate? Finally, RNAi inhibi-
tion of AtTIP1;1 surprisingly results in plant death [101]. This
phenotype has been tentatively explained by a role of AtTIP1;1
in sugar metabolism and vesicle traﬃcking. The redox status of
the RNAi plants will also have to be investigated.
This example illustrates how the diverse transport speciﬁcity
of aquaporins and their integration in complex physiological
processes has lead research on plant aquaporins far beyond a
molecular and cellular dissection of water relations. Much re-
mains to be discovered about the function and regulation of
aquaporins during nutrient acquisition, carbon ﬁxation and
cell signalling.
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